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Abstract 
The interferometric SAR coherence-change technique with coherence filter and polarization (HH and HV) has been 
used to detect the parts of buildings damaged by the 2015 Gorkha Earthquake. A survey of the building damage was 
conducted in every house to evaluate the detection accuracy in the Khokana and Sankhu urban areas in the Kath-
mandu Valley of Nepal. The damaged parts of the urban area were adequately detected using coherence-change (∆γ) 
values obtained before the earthquake (γpre) and during the inter-seismic stage of the earthquake (γint). The use of a 
coherence filter effectively increased overall accuracy by ~2.1 to 7.0 % with HH polarization. The incorporation of HV 
polarization marginally increased the accuracy (~0.9 to 1.2 %). It was confirmed that road damage due to liquefaction 
was also observed using the interferometric SAR coherence-change detection technique. The classification accuracy 
was lower (27.1–35.1 %) for areas that were damaged. However, higher accuracy (97.8–99.2 %) was achieved for areas 
that were damage-free, in ∆γ obtained from HH and HV polarization with a coherence filter. This helped to identify the 
damaged urban areas (using this technique) immediately after occurrence of an earthquake event.
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Introduction
In the aftermath of massive disasters affecting buildings, 
there is a demand for immediate detection of severely 
damaged urban areas. A high-resolution optical image 
sensor on board a satellite is one of the possible tools to 
meet this demand. However, cloud-free conditions over 
land occurred in only 22  % of images from a dataset of 
weather observations from 5400 land stations world-
wide (Warren and Eastman 2007), and such data for 
night time are unavailable. In contrast, synthetic aperture 
radar (SAR) observations are available for all weather 
conditions, day and night, and are an effective tool for 
detecting areas damaged in a disaster. The most popu-
lar application of SAR for a disaster is to estimate crus-
tal movement during earthquakes and volcanic activity. 
The wide range of crustal movement induced by the 
2015 Gorkha Earthquake was quickly examined with 
PALSAR-2 (phased array type L-band synthetic aperture 
radar 2)/ScanSAR mode) (Natsuaki et al. 2016; Kobayashi 
et al. 2015). The effective detection of urban areas dam-
aged in 2011 off the Pacific Coast of Tohoku by the earth-
quake-induced tsunami was demonstrated using full 
polarimetry data obtained with the Japanese L-band SAR 
satellite, PALSAR (Watanabe et al. 2012). The polarimet-
ric coherence between RR polarization and LL polariza-
tion (γRR–LL) obtained before and after the disaster aided 
in effective detection. Coherence indicates the degree 
of similarity between a pair of images. Their conclusion 
also states that the main radar scattering mechanism 
for areas with collapsed buildings was surface scattering 
with high entropy. In several other papers, workers sug-
gested use of the full polarimetry data to detect build-
ing damage (Chen and Sato 2013; Li et al. 2012). While 
the full polarimetry mode includes a lot of information, 
there are fewer opportunities for observation than with 
other single/dual polarization modes. This often results 
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in no full polarimetric observation before the disaster, 
which is essential for detecting the damaged urban areas 
accurately.
Interferometric SAR coherence-change analysis 
obtained with single polarization has also been used to 
detect damaged urban areas. Yonezawa and Takeuchi 
(2001) used coherence obtained between a data pair 
including the 1995 Hyogoken-nanbu earthquake and a 
pair before the earthquake to show that the decrease in 
interferometric coherence was a good representative of 
the damaged urban area.
Tamura and El-Gharbawi (2015) have used coherence 
change to detect areas damaged in Ishinomaki City due 
to the 2011 earthquake off the Pacific Coast of Tohoku 
and the subsequent tsunami. They demonstrated that the 
coherence change reflected the degree of urban damage. 
Kobayashi et  al. (2011) applied this technique to detect 
liquefaction areas associated with the 2011 Tohoku 
earthquake, and it displayed a good correlation between 
the liquefaction area and decrease in coherence.
The backscattering (σ0) properties of damaged urban 
areas were examined by Matsuoka and Yamazaki (2004). 
Coherence- and σ0-based analyses were compared by 
Arciniegas et al. (2007) with ENVISAT/A-SAR data. The 
overall accuracy for detecting damaged urban areas from 
the change in coherence was 44.5 %, better than the one 
based upon absolute change of σ0 (41.2 %).
This paper highlights the interferometric SAR coher-
ence-change technique and its use in the detection of 
urban areas damaged by the 2015 Gorkha Earthquake. 
New points in this paper include:
1. Use of a coherence filter to increase detection accu-
racy for damage-free areas.
2. A wide area, including areas of urban damage, agri-
cultural area, and forest area, was used to evaluate 
the effectiveness of a coherence filter to pick up dam-
aged urban areas.
3. HV as well as HH polarization was used to increase 
the accuracy of detection of damaged areas.
4. The evaluation was done with the validation data 
obtained from building damage surveys in every 
house. EMS-98 (Masonry), which is widely used to 
evaluate building damage, was adopted to connect 
the parameters obtained from the satellite with build-
ing damage levels.
The coherence-change technique was selected, because 
the minimum, effective parameters should be selected to 
reduce the calculation time.
The purpose of this paper was to pick out damaged 
urban areas from wide-scale images, including agri-
culture and forest areas. This implies that the detection 
accuracy for damage-free areas, of which the size is gen-
erally larger than of the damaged urban areas, is impor-
tant. However, the seasonal change in σ0 is well known 
not only for agriculture area, but also for forest areas 
(Way et al. 1990). In addition to this, recent workers also 
pointed out that increased σ0 is often induced by rainfall 
(Lucas et al. 2010, Watanabe et al. 2015). To avoid these 
uncertainties, only the coherence parameters were used 
in this paper.
Field data collection
The Gorkha Earthquake occurred on April 25, 2015, with 
a moment magnitude of 7.8 and hypocenter at 28.231° 
N, 84.731° E, and depth of 8.2 km (US Geological Survey 
2015). A quasi-vertical displacement estimated by com-
bining the ascending and the descending data shows that 
the uplift area was distributed in the southern region, 
and the maximum displacement of ~1.5 m was estimated 
around 20  km northeast from Kathmandu (Kobayashi 
et al. 2015).
Building damage surveys were conducted in every 
house in the Sankhu area on August 17 and 18 and in the 
Khokana area on August 19 and 20, 2015. The locations 
for the sites are overlaid on the interferometry image 
obtained with PALSAR-2 in Fig. 1 (image pair: February 
21, 2015–May 2, 2015, Geospatial Information Author-
ity of Japan 2015). Sankhu is located closer to the maxi-
mum uplift area, and Khokana is located in between. 
High-resolution imagery observed before the disaster 
on 12 March was obtained from Google Earth before the 
field survey. The imagery was used to identify a position 
for each building before the disaster. The damage level 
was estimated for each building, based on the European 
Macroseismic Scale (EMS-98, Grünthal 1998), which is 
widely used to evaluate building damage. This enabled 
Fig. 1 Field experiment areas are overlaid on the interferometry 
image obtained with PALSAR-2 (image pair: February 21, 2015–May 
2, 2015)
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us to connect the parameters obtained from the satellite 
with the levels of building damage. Grade 5 on the scale 
represents destruction, that is, total or near-total col-
lapse of a building. Grade 4 represents very heavy dam-
age, which includes half damage. There have been many 
cases of collapse of the upper stories of buildings, such 
that five-story buildings have been scaled down to sec-
ond- or third-story buildings. Such cases were assigned 
to Grade 4. Grade 2 or 3 indicates partial damage. Details 
about the building damage surveys have been described 
by Ohsumi et  al. (2016). Building damage surveys were 
also conducted in the areas, where the decrease in coher-
ence was observed in Kathmandu, Bhaktapur, and Mad-
hyapur Thimi; photographs and videos were taken.
A polygon for each house was produced based on a 
field experiment, and the damage level information was 
attached to each polygon. The polygons with same dam-
age level were aggregated and were converted to raster 
data with 10-m resolution, which matched the PALSAR-2 
processed data. The raster images for each damage level 
were aggregated. There were several pixels in which dif-
ferent damage levels were assigned in the same pixel. In 
that case, the damage levels were averaged. The range, 3.5 
≤damaged level <4.5 was regarded as level 4; 4.5 ≤dam-
aged level was regarded as level 5.
SAR data analysis
The interferometric SAR coherence-change technique 
uses two γ image pairs—one pair obtained (observed) 
before the disaster (γpre) and another pair obtained dur-
ing the inter-seismic stage of the disaster (γint). Decrease 
in the coherence from the normalized coherence differ-
ence value can be calculated as follows.
Larger ∆γ indicates a larger decrease in coherence after 
a disaster.
The Japanese SAR satellite, ALOS-2 observed the Kath-
mandu area with dual polarization mode (HH and HV) 




2014, and February 21, 2015, and after the disaster on 
May 2, 2015. From the data obtained before the disaster, 
γpre was calculated for October 4, 2014, and February 21, 
2015, and γint was calculated from the data obtained dur-
ing the inter-seismic interval (February 21 and May 2, 
2015). A medium filter with window size of 3 pixels was 
applied to reduce speckle noise, and ∆γ was calculated for 
each polarization (∆γHH, ∆γHV). The average of two polar-
izations [∆γ(HH, HV)] was calculated to see how the utiliza-
tion of dual polarization improved the detection accuracy.
Interferometric SAR coherence change with an addi-
tional filter was also tested to discriminate the damaged 
urban areas from forest stands, because higher coher-
ence is expected to be observed for an urban area before 
the disaster. Figure  2 shows the normalized histogram 
for γ(HH, HV) obtained before the disaster in the Khokana 
and Sankhu areas. Table 1 shows the average value of γ 
for urban and other areas: γ(HH, HV) for urban areas were 
0.43–0.51 and showed higher values than for other areas 
(0.32–0.35). These values depend on place, and a coher-
ence filter with γpre > 0.5 was selected for this time. 
It takes 40 min to obtain one coherence image (single 
polarization, one pair) and takes 160 min for four coher-
ence images (dual polarization, two pairs) with an Intel 
Xeon CPU E3 processor and 16  GB memory. It takes 
about 60  min to carry out the ortho-rectification. Total 
processing time from level 1.1 data is about 220 min with 
10-m spatial resolution. Google Earth software was used 
to display the obtained image and compare those to the 
optical image.
Results and discussion
Figure  3a–d displays the PALSAR-2 magnitude image 
before (21 February) and after (2 May) the disaster, the 
magnitude difference, and Google Earth image. Many dif-
ferences were observed in the magnitude image. The dif-
ferences are due to change in soil moisture and change 
in the dielectric constant of trees (Watanabe et al. 2015). 
Severely damaged urban areas such as Sankhu, Khokana, 
and Bhaktapur do not show distinct differences in mag-
nitude. Bright reflection from double-bounce scattering 
Fig. 2 Normalized histogram for γ(HH, HV) obtained before the disaster in Khokana and Sankhu areas
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was observed in urban areas before the disaster. Bright 
reflection from single- and/or double-bounce scattering 
is sometimes induced by debris (Watanabe et  al. 2012). 
This may make it difficult to distinguish between dam-
age-free urban areas before the disaster and damaged 
urban areas after the disaster.
Areas with ∆γHH ≥  0.2 obtained near Kathmandu are 
represented in red in Fig.  3e. Outstanding decrease of 
γHH was observed for some areas including Sankhu, 
Khokana, and Bhaktapur. The decrease of γHH was also 
observed for forest and agriculture areas. This made it 
difficult to pick up damaged urban areas from only the 
wide-range image. Figure  3f shows ∆γ(HH, HV) obtained 
with a coherence filter near Kathmandu. The misclassi-
fication observed in the mountain forest area has been 
reduced to some degree, while the damaged urban area 
has been detected. Detectability of damaged urban area 
was better than for those using only the ∆γHH.
Sankhu and Khokana
The magnified image in Fig. 3e, f near Sankhu and Kho-
kana, and the Google Earth image, is presented in 
Figs.  4a–c and 5a–c. The red color in Fig.  4a, b looks 
blurry, because the medium filter was applied. Snow 
cover in Khokana and Sankhu is very rare, and no snow 
cover effect was expected to the coherence image. Build-
ing damage survey results for each house are also pre-
sented in Figs. 4d and 5d. The red polygons in Figs. 4 and 
5 represent the municipality borders of Pukhulacchi and 
Khokana, respectively. The areas include forest, agricul-
tural, and urban areas, as shown in Figs. 4c and 5c. The 
damaged urban areas are well detected by ∆γHH. How-
ever, the coherence decrease was also observed in the 
forest and agriculture areas. This is because temporal 
decorrelation is larger for the forest, and seasonal change 
is larger for the agriculture area. On the other hand, the 
misclassification observed in the forest and the agricul-
tural areas decreased for the ∆γ(HH, HV) with coherence 
filter (Figs. 4b, 5b).
User’s and producer’s accuracies (Story and Congal-
ton 1986) are presented in Table  2. A coherence fil-
ter improved the overall accuracy by 7.0  % (from 87.9 
to 94.9  %) for Shanku and by 2.1  % (95.0 to 97.1  %) for 
Khokana in the case of ∆γHH. This supports the visual 
interpretation result observed in Figs.  4b and 5b. The 
improvement was due to the improvement of accuracy 
for the damage-free area. The average accuracies for the 
damage-free areas in ∆γ(HH, HV) are 99.2  % in Khokana 
and 97.8  % in Sankhu. This enabled us to identify the 
damaged urban areas, as shown in Figs. 4b and 5b.
The overall accuracies obtained from ∆γHV were 97.4 % 
for Khokana and 94.6  % for Sankhu. These are compa-
rable with the accuracies obtained from ∆γHH, but the 
average accuracy for damaged areas in ∆γHV for Sankhu 
was 24.2 %. This value is 6 % lower than the one for ∆γHH 
(30.2 %).
Combination of HH and HV polarization marginally 
improved the accuracy by 0.9 % (from 94.9 to 95.8 %) for 
Sankhu and by 1.2 % (from 97.1 to 98.3 %) for Khokana. 
The main radar scattering mechanism for urban areas 
is double-bounce scattering. Higher σ0HH and γHH are 
expected from the double-bounce scattering with orien-
tation angle of ~0°, and higher σ0HV and γHV are expected 
from orientation angles >0° (Kimura 2008). By incorporat-
ing HV polarization, the double-bounce scattering is taken 
into account, which may aid in improving the accuracy.
The dependency of the classification accuracy in Kho-
kana, and Sankhu on the damage level, is presented in 
Table  3. Case (1) building damage level ≥0 is regarded 
as a damaged area. Case (2) building damage level ≥4 is 
regarded as a damaged area. Case (3) building damage 
level = 5 is regarded as a damaged area. The accuracy for 
each case is examined with ∆γ(HH, HV)  ≥  0.2 (see italics 
figures in Table 3). The best result was for 50.3 % in Kho-
kana and for 35.0 % in Sankhu (see bold italics figures in 
Table 3). This was the highest value achieved by the sug-
gested method. These producer’s accuracies are com-
parable to the 32  % obtained by Arciniegas et  al. (2007). 
The relatively lower accuracies for the detection of dam-
aged urban areas are discussed in “Madhyapur Thimi and 
Gangabu” section.
Table 1 Average value of  γ obtained before  the disaster 
for urban and other areas in Khokana and Sankhu
Khokana Sankhu
HH and HV
 Urban 0.51 0.43
 Other 0.35 0.32
HH
 Urban 0.52 0.44
 Other 0.39 0.33
HV
 Urban 0.49 0.43
 Other 0.32 0.31
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Dependency of the classification accuracy on the 
∆γ(HH, HV) threshold level is also presented in Table  3. 
The ∆γ(HH, HV) threshold level is modified from 0.1 to 
0.4, and the classification accuracy was examined. With 
an increase in the ∆γ(HH, HV) threshold level, the average 
accuracy increased and saturated at around 0.3. However, 
Fig. 3 a Magnitude image before the disaster (21 February). b Magnitude image after the disaster (2 May). c Difference between a and b. d Google 
earth image. Smaller image shows position in epicenter and the target area. e Area with ∆γHH ≥ 0.2 is represented in red. f Area with ∆γ(HH, HV) ≥ 0.2 
and coherence filter is represented in red. Color legend for a–c: red and blue HH polarization, green HV polarization
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the accuracy of detection of the damaged area decreased 
from 42.1 to 15.5 % for damage level ≥4 (see bold italics 
figures in Table 3). This is explained by the severe thresh-
old level of 0.4, which could miss detection of damaged 
areas. The threshold level of 0.1–0.3 is appropriate for 
detecting damaged areas. The final detection maps are 
shown in Figs. 3f, 4b, and 5b.
A distinct decrease in coherence was observed for 
several iconic buildings in central Kathmandu, which 
were completely destroyed. These included temples 
in Durbar Square and the Dharahara tower (Fig.  6a–
d). Field experiments also demonstrated that the 
damaged areas of many dilapidated buildings observed 
in Bhaktapur corresponded to the areas where ∆γ(HH, 
HV) decreased.
Madhyapur Thimi and Gangabu
A decrease in coherence was observed in Kausaltar of the 
Madhyapur Thimi area near the Tribhuvan International 
Airport in Kathmandu (Fig.  6e, f ). Few damaged build-
ings were observed in the field experiment in this area. 
Moreover, road damage due to liquefaction was observed 
in the area. This is consistent with the results obtained by 
Kobayashi et al. (2011).
Fig. 4 a Area with ∆γHH ≥ 0.2 obtained in Sankhu. A red polygon represents the municipality border, Pukhulacchi. b Area with ∆γ(HH, HV) ≥ 0.2 and 
coherence filter. c Google Earth image. d Building damage survey result obtained in Sankhu. Red Grade 5. Orange Grade 4. Yellow Grade 2–3. White 
Grade 0–1
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Fig. 5 a Area with ∆γHH ≥ 0.2 obtained in Khokana. A red polygon represents the municipality border, Khokana. b Area with ∆γ(HH, HV) ≥ 0.2, and 
coherence filter. c Google Earth image. d Building damage survey result obtained in Khokana. Red Grade 5. Orange Grade 4. Yellow Grade 2–3. White 
Grade 0–1
Table 2 Classification accuracy: polarization and coherence filter on or off
Coherence filter Khokana Sankhu
Prod. acc. User acc. Ave. Overall accuracy Prod. acc. User acc. Ave. Overall accuracy
∆γHH Off Damage 51.8 6.7 29.3 95.0 54.8 10.6 32.7 87.9
Damage-free 95.3 99.7 97.5 88.7 98.8 93.7
On Damage 45.6 10.5 28.0 97.1 39.6 20.7 30.2 94.9
Damage-free 97.4 99.6 98.5 96.3 98.5 97.4
∆γHV On Damage 47.1 12.1 29.6 97.4 31.7 16.8 24.2 94.6
Damage-free 97.7 99.6 98.7 96.2 98.3 97.2
∆γ(HH, HV) On Damage 50.3 20.0 35.1 98.3 31.7 22.4 27.1 95.8
Damage-free 98.7 99.7 99.2 97.3 98.3 97.8
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Building damage surveys were conducted in every 
house in Gangabu of Kathmandu by Kusunoki (2015), 
and severe building damage was reported. However, the 
∆γ(HH, HV) map shows an inappreciable decrease in coher-
ence (Fig. 7b). Figure 8 shows the γ(HH, HV) image for Kho-
kana, Sankhu, and Gangabu with value ≥0.5 obtained 
before the disaster (γpre). As expected, higher coherence 
values were observed for Khonaka and Sankhu. In con-
trast, a lower coherence value was observed for Gangabu. 
Unlike Khokana, Sankhu, and several iconic buildings, the 
density of the buildings was very high in Gangabu, and 
the spaces between buildings were limited. This may have 
prevented double-bounce scattering in the Gangabu area 
and lead to the lower coherence observed in this area.
Misclassification was observed for some forest stands in 
the mountainous area (Fig. 7c, d). The Google image indi-
cated that the forest density was low, and this might have 
induced the higher coherence value in the forest area.
The classification accuracy was lower (27.1–35.1  %) for 
damaged areas and higher (97.8–99.2 %) for the damage-
free areas in ∆γ(HH, HV). This is because urban areas do not 
always show a higher coherence value, as shown in Fig. 8d–
f. However, the higher classification accuracy of the dam-
age-free area helps to detect the damaged urban area.
Conclusions
The interferometric SAR coherence-change technique 
with a coherence filter, and HH and HV polarization, was 
Table 3 Classification accuracy: damage level and ∆γ(HH, HV) threshold level
D damage, DF damage-free
Damage level ∆γ(HH, HV) threshold Khokana Sankhu
Prod. acc. User acc. Ave. Overall acc. Prod. acc. User acc. Ave. Overall acc.
Case (1) damage level ≥0 (all 
buildings)
0.1 D 60.6 25.1 42.9 96.7 32.2 37.7 34.9 93.3
DF 97.3 99.4 98.3 96.9 96.0 96.5
0.2 D 38.7 34.9 36.8 98.0 26.1 43.0 34.5 94.0
DF 98.9 99.1 99.0 98.0 95.8 96.9
0.3 D 18.0 52.0 35.0 98.5 16.6 52.2 34.4 94.5
DF 99.8 98.8 99.3 99.1 95.3 97.2
0.4 D 6.5 56.0 31.2 98.5 6.2 50.6 28.4 94.4
DF 99.9 98.6 99.3 99.6 94.8 97.2
Case (2) damage level ≥4 (heavy 
structural damage)
0.1 D 71.2 13.0 42.1 96.7 37.0 18.6 27.8 94.6
DF 96.8 99.8 98.3 96.1 98.4 97.2
0.2 D 50.3 20.0 35.1 98.3 31.7 22.4 27.1 95.8
DF 98.7 99.7 99.2 97.3 98.3 97.8
0.3 D 26.7 34.0 30.4 99.2 21.5 29.0 25.2 96.9
DF 99.7 99.5 99.6 98.7 98.1 98.4
0.4 D 11.5 44.0 27.8 99.3 6.9 24.1 15.5 97.3
DF 99.9 99.4 99.7 99.5 97.8 98.6
Case (3) damage level = 5 (total 
collapse)
0.1 D 66.7 1.5 34.1 96.4 40.8 8.1 24.5 95.1
DF 96.5 100.0 98.2 95.6 99.4 97.5
0.2 D 45.8 2.3 24.1 98.3 35.0 9.8 22.4 96.3
DF 98.4 100.0 99.2 96.9 99.4 98.1
0.3 D 20.8 3.3 12.1 99.4 21.7 11.6 16.6 97.7
DF 99.5 99.9 99.7 98.4 99.3 98.8
0.4 D 16.7 8.0 12.3 99.8 4.2 5.8 5.0 98.4
DF 99.8 99.9 99.9 99.4 99.1 99.2
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Fig. 6 a, b Durbar Square, c, d Dharahara tower, e, f Kausaltar of Madhyapur Thimi area. Left raw Google Earth image. Right raw Area with  
∆γ(HH, HV) ≥ 0.2, and coherence filter
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used to detect damaged buildings in the area affected by 
the 2015 Gorkha Earthquake. Building damage surveys 
were conducted in every house to evaluate the detection 
accuracy in Khokana and Sankhu. The damaged parts of 
the urban area were adequately detected using coher-
ence-change values obtained before the disaster (γpre) 
and during the disaster (γint). A coherence filter improved 
the overall accuracy from about 2.1–7.0 % of ∆γHH. The 
incorporation of HV polarization marginally improved 
the accuracy from 0.9 to 1.2 %. Heavy structural damage 
(damage level ≥4) seems to be detected by this method. 
A threshold level of 0.1–0.3 is appropriate to detect the 
damaged areas in this case. It was confirmed that road 
damage due to liquefaction was also observed using 
the interferometric SAR coherence-change technique. 
The classification accuracy was lower (27.1–35.1  %) for 
damaged areas and higher (97.8–99.2  %) for damage-
free areas in ∆γ(HH, HV). However, the higher classifica-
tion accuracy for areas that were damage-free helped to 
detect the damaged urban areas in a wide-scale image, 
using this technique immediately after the occurrence of 
a disaster.
Fig. 7 a, b Gangabu, c, d a mountainous area. Left raw Google Earth image. Right raw Area with ∆γ(HH, HV) ≥ 0.2, and coherence filter
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